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Membrane proteins comprise an important class of proteins that are involved in many 
essential processes, such as importing and secreting molecules, sensing of environmental 
parameters and scaffolding of cell structure. Their importance is easily asserted as 
membrane proteins comprise up to 30% of the proteome of any organism (1) and are the 
direct targets of 60% of all pharmaceuticals (2). Even though their biological and clinical 
relevance is evident, the study of membrane proteins is typically limited by inherent 
constraints, such as their hydrophobicity and added requirements for correct folding that 
limit e.g. their production and purification of appropriate quantities in a native form. 
Although the bacterium Escherichia coli is the standard prokaryotic protein production host, 
usually a broad set of hosts needs to be screened to find which is the most adequate for the 
production of a particular membrane protein (3). As such, the Gram-positive bacterium 
Lactococcus lactis has emerged as an alternative host for the production of at least some 
membrane proteins (4–10). L. lactis displays limited proteolytic activity and, in contrast to 
Gram-negative bacteria, contains a single (cytoplasmic) membrane, facilitating the targeting 
of membrane proteins (5, 11). Additionally, L. lactis is amenable to genetic manipulation and 
well-tuneable promoter systems are available (7, 12, 13). 
Much of the work done e.g. in E. coli to optimize it for the production of membrane proteins 
(see for example (14, 15)) was not paralleled in L. lactis at the start of this this thesis project. 
The research described in this thesis was directed at filling that gap. A framework based on a 
set of three different but overlapping strategies were used to structure the work described 
here and to genetically engineer L. lactis to improve it for the purpose of producing 
membrane proteins (Figure 1).  
One can gain insight in the bottlenecks of membrane protein production by L. lactis via the 
characterization of the response of the organism when it is induced to overproduce them. 
Alternatively, the identification of key genes that affect the production yield of membrane 
proteins can be identified through random mutagenesis methodologies, coupled with 
strategies to screen for better membrane protein production hosts. The information 
collected from these two approaches, and also from literature, can be used to rationally 
design strains in which the level of transcription of relevant genes is modulated. It is likely 
that these approaches sometimes may hint in the same direction(s), thus their partial 
overlap as is illustrated in Figure 1. Trial and error cycles, based on the application of each of 
these three strategies, should then lead to the genetical optimization of L. lactis as a host for 
the production of membrane proteins (Figure 1). 
This framework is also used in the following sections to map the main conclusions of the 
work described in this thesis. When applicable, opportunities for future research are also 
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identified. Additionally, while putting this framework in practice, adjacent research 
opportunities surfaced, as also did the need to upgrade the genetics and genomics toolkit of 
L. lactis. These pressing research and development challenges were naturally seized and are 




Figure 1 – A set of overlapping strategies can be used to ultimately obtain an optimized L. 
lactis membrane proteins production host.  
Please do note that, despite the scope of the thesis being the genetic engineering of L. lactis, 
there are other parameters that could be optimized to improve the production yield of 
membrane proteins in L. lactis. For example, several elements of the culture growth 
conditions affect biomass and protein production yields, such as the availability of branched 
chain amino acids (16) or alternatively growing L. lactis aerobically in the presence of heme 
(17). The moment and level of induction of membrane protein gene expression as well as the 
time point of sampling of the culture should also be optimized. The merits of batch and 




Identification of bottlenecks 
Chapters 2 and 3 present transcriptome and proteome data on the response of L. lactis when 
it is induced to produce membrane proteins of different origins (prokaryote and eukaryote), 
conformation and sizes, production yields and associated growth effects. This data was 
compared with equivalent data on the production of the soluble protein OpuAC, which 
allowed “blanking-out” those elements of the response of L. lactis that are not strictly related 
to the production of proteins that need to be inserted in the cytoplasmic membrane.  
One of the most interesting observations that were made is the consistent induction of the 
CesSR-mediated cell envelope stress response in all situations where L. lactis was forced to 
produce a membrane protein. That was particularly also the case for the eukaryotic 
membrane proteins PS1Δ9 and StSUT1, both of which were only marginally produced in 
comparison with the lactococcal membrane proteins OpuA and BcaP. On the other hand, 
overproduction of the cytoplasmic OpuAC did not trigger CesSR. Therefore, CesSR is not only 
particularly sensitive but also extremely specific to cell envelope stress. 
CesSR plays a central role in orchestrating a cell envelope stress response, as its up-
regulation has also been observed when L. lactis is treated with antimicrobials that affect the 
cell envelope (18–20). However, mostly due to the novelty of these findings, the mechanism 
through which this two-component system (TCS) efficiently manages to counteract cell 
envelope stress is not entirely known. Thus, Chapter 4 reports a set of experiments that 
expand our knowledge on the architecture of the CesSR regulon, with an emphasis on a set of 
regulatory proteins encoded within the regulon, CesF, Llmg_2163, RmaB and FtsH, that are 
thought to fine-tune the CesSR response and cascade it beyond the regulon. In particular, we 
show in Chapter 4 that CesF is a repressor of CesSR. 
As extensively discussed in Chapters 2 and 3, other elements of the response of L. lactis to 
membrane protein overproduction concern genes involved in protein translocation, general 
stress responses, protein synthesis, membrane transport, cell wall biosynthesis, as well as 
genes involved in carbon-, nitrogen- and nucleotide metabolism. The inter-dependencies of 
these pathways are so intricate that they pose a challenge to discerning direct from indirect 
effects of the stress evoked by the overproduction of membrane proteins.  
One strategy to shed light on this puzzle is to characterize the dynamics of the accumulation 
of correctly folded membrane proteins in the membrane versus the dynamics of the 
response that it triggers. This approach could be applied with OpuA as a biochemical assay to 
precisely measure its activity was available (Chapter 2). However, this is not the case for 
most membrane proteins. One possible other strategy would be to use a fusion of the 
membrane protein to be studied to a fluorescent protein (GFP or another chromatic variant) 
in order to quantify correctly folded overproduced membrane protein at different moments 
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after induction. Additionally, microscopy techniques can also help in validating the correct 
targeting of these proteins to the cytoplasmic membrane. Figure 2 illustrates the production 
of BcaP-GFP and its peripheral localization in the cell (Pinto et al., 2008, data not 
unpublished). To the best of our knowledge, this was the first ever time-lapse fluorescence 
microscopy of L. lactis producing a membrane protein. The use of membrane protein-GFP 
fusions has another added advantage, since one can photobleach GFP irreversibly and thus 
calculate the turnover rate of the membrane protein in the cytoplasmic membrane (21). 
Once could additionally characterize the response of L. lactis to the production of a secreted 
protein in order to distinguish the burden of translocation from the stress presumably 
caused by the overpopulation of the cytoplasmic membrane with membrane proteins. A 
perfect candidate for such a control is the alpha-amylase AmyQ from Bacillus 
amyloliquefaciens, as its activity can easily be screened through starch hydrolysis (Figure 3). 
Preliminary proteome and transcriptome data indicate that CesSR is also up-regulated when 
L. lactis is induced to produce AmyQ (unpublished data). It is, however, not clear whether 
that is due to a putative overload of the translocon or a possible accumulation of the pre-
protein, or even of cleaved signal peptides in the cell envelope. 
To clearly distinguish direct from indirect effects of membrane protein production, one 
needs to fully understand the gene regulatory networks of L. lactis and how they are 
hardwired to parameters such as growth rate, growth phase, pH and/or nutrient availability.  
Thus, we set out to obtain high-resolution data on the transcriptome of L. lactis throughout 
the growth curve. This data is presented and analyzed in Chapter 5 of this thesis. Not only 
does this information constitute fundamental knowledge on the transcriptome of L. lactis per 
se, but it also helps in the analysis of any (future) transcriptome data by allowing to discern 
direct from indirect effects (e.g., growth-rate or growth phase-related consequences). For 
example, we hypothesized that genes involved in purine and pyrimidine biosynthesis (22) 
and those involved in arginine metabolism (23) are frequently seen to be differentially 
expressed in transcriptome data because of a combination of two factors. First, the standard 
moment of culture sampling is typically chosen during late exponential phase, in which these 
genes shift transcription levels quite abruptly, and thus any minute biological asynchronicity 
between the experimental and control cultures would lead to the observed high fold-change 
ratios. Second, since the level of transcription of these genes is related to the growth-phase, 
even a small (undetectable) variation in growth-rate between the two cultures would, upon 
sampling, capture each culture in a different point in the growth-curve, thus leading to the 






Figure 2 – Time-lapse fluorescence microscopy of L. lactis pNZ8048::bcaP-GFP-H6. The 
white bar in the lower right panel indicates 5 μm. Time after induction is indicated in the 
upper left corner of each snapshot (Pinto et al., 2008, unpublished). 
 
Figure 3 – Starch hydrolysis assay on GM17-Cm5 agar plates containing colonies of L. lactis 
pNZ8048::amyQ-H6, grown either in the presence of the inducer nisin (left plate) or in its 
absence (right plate). 
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In Chapter 5, we describe several putative adaptive strategies that L. lactis employs 
throughout growth. For example, we suggest that a link exists between the average 
molecular weight of proteins that are synthesized at a given moment and nutrient 
availability in the culture medium. We also hypothesize that L. lactis has evolved in a way 
that the average pI of the proteome, at a given moment, is correlated with the acidity of the 
environment. Another relationship that we observed was that genes encoded on the leading 
strand are on average more expressed than those coded on the lagging strand, even after 
correcting for the overrepresentation of the former, and that this bias is more pronounced at 
higher DNA replication rates, using growth rate as a proxy. In Chapter 5 we speculate that 
this attenuates a clash between DNA replication and RNA transcription, in particular with 
respect to the direction of both processes. 
To increase our understanding of the mechanisms that affect the translocation of membrane 
proteins, our data on the L. lactis chrono-transcriptomics should be used to identify trends 
and dependencies between levels of production of families of membrane proteins - classified 
by size, topology features, hydrophobicity and others - and those of all elements that 
putatively affect their level of production, translocation and degradation. Perhaps “Mother 
Nature” can already tell us which genes should be switched on or off when L. lactis is induced 
to overproduce a certain class of membrane proteins.  
This high-resolution data on the transcriptome of L. lactis throughout the growth curve is a 
rich repository of information for numerous research questions, and thus we made it 
available for the research community at http://webserver.molgenrug.nl/publication/MG_TS.  
A key criterion in designing the experimental setup to obtain this L. lactis chrono-
transcriptome was that it should be universally reproducible. Therefore, we used as an 
inoculum a culture that had been growing exponentially for approximately 40 hours. 
Although this serves the purpose of clearly defining the inoculum, it is far more troublesome 
than standard protocols, which generally involve diluting over-night cultures that are far into 
stationary phase.  
The point of reflection is however not only that the standard and the above described 
protocol may differ with respect to the cultures that each yields, but that the cultures that 
were obtained via the standard protocol have been observed to produce at times different 





Figure 4 – Isogenic cultures sometimes display differences in their growth curves, even 
when growing in the same medium. This example depicts two biological replicates of L. lactis 
NZ9000 cultures grown in G-M17 medium from the same batch, each of which was started from 
an independent overnight culture. 
The causes for these deviations remain unexamined but, accepting that the cultures are 
isogenic and that the culture medium is exactly the same, a researchable hypothesis is that 
the cause is traceable to the history of the inoculum.  
In industry it is particularly necessary to ascertain the robustness of a fermentation protocol 
in terms of unknown or uncontrollable inoculum variables. For example, cheese, yogurt or 
any other kind of fermented product needs to respect some constant properties. It would 
thus be interesting to measure that robustness in terms of transcriptomics. To determine 
that, one could for example replicate the experimental setup described in Chapter 5, using 
variable inocula (Figure 5-A). By using inocula from each of the six phases that we 
recognized in the growth curve of L. lactis (Chapter 5), one could answer several questions 
such as: for a constant amount of inoculum, how much time will each culture take to 
converge, transcriptome-wise, to the reference curve described in Chapter 5 and in which 
phase that will happen (Figure 5-B), and also: will that suffice for a given purpose; for an 
inoculum from each phase, how much should it be diluted so as to reset its history by the 
time of the first sampling or, to put it differently and considering the economics and time 
optimization of a process, what is the maximum or minimum possible inoculum to produce a 
constant product that is obtained at a determined growth-phase? 
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Whereas Chapter 5 describes a reference growth-curve with its principal component 
analysis (PCA) equilibrium points where many time samples cluster together (Figure 5), the 
above mentioned experiments would hint on the dynamics through which cells can move 
from one of those points to another, and back. 
The underlying causes of growth-curve deviations among biological replicates, whether they 
are attributable to the differences in the growth-phase of the inoculum or not, could have an 
epigenetic origin, as that may affect the biology of L. lactis during several division cycles. 
However, the DNA need not necessarily be modified for such an epigenetic effect: some 
inertia in resetting the metabolome, the transcriptome, the proteome, or possibly other 
elements of the molecular biology of the cell would do as well.  
It is also not clear whether or not these differences apply to all the cells in the culture or to 
just a fraction of it and, if so, whether this putative heterogeneity could be traced back to a 
heterogeneity that already existed in the inoculum. In fact, using transcriptomics technology 
one obtains the average transcriptome of all the cells in the culture, which may not, 
ultimately, reflect the transcription status of any of the cells. The analysis of the 
transcriptome of a single cell is still a technical challenge (24), especially for bacterial cells. 
Several strategies, such as fluorescence-activated cell sorting (FACS) coupled with the use of 
a relevant biomarker, can be employed to guarantee that all sampled cells are as 
homogeneous as possible. Of course, a natural source of variation between cells in the same 
culture is the cell cycle, which leads to a mixture of cells in different stages of this cycle at any 
moment in the culture.  
Several techniques have been suggested to make a culture of synchronized bacterial cells, at 
least as far back as the 1960’s (25–29). We have tested the stationary-phase method (29), in 
which a culture of L. lactis that has just entered the stationary phase is diluted into fresh 
medium. In this way a culture of possibly synchronized cells was obtained using cells that 
were putatively arrested at the same moment of the cell cycle (Figure 6). An underlying 
mechanism could be that towards late exponential phase only cells that are already 
committed to divide will do so and that, sequentially, all cells eventually become “jammed” at 





Figure 5 – Suggested variations to the experimental setup described in Chapter 5. The 
inoculum could be, as exemplified here, a culture taken from stationary phase 2 or from the death 
phase (A). The transcriptomes of cultures derived from the inocula described in (A), particularly 
in a lag/adaptation phase, would putatively map differently in a Principal Component Analysis 
(PCA), for example along novel PCA paths (blue and red arrows) until they eventually converge to 
the reference PCA path that connected all time-points, from 1 up to 45, of the experiment 
described in Chapter 5 (white or grey filled shapes) (B). 
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Preliminary data, from counting colony-forming units (CFU’s) of the secondary culture 
indicates that some degree of synchronization may have occurred (Figure 6). We observed 
that the number of cells remains roughly constant during periods of approximately 50 min, 
which matches the division time of L. lactis. After that time interval the number of cells, using 
CFU’s as a proxy, doubles, which indicates that cells divided in a synchronous manner. The 
high application potential of a synchronicity protocol for L. lactis for future research 
warrants investing in the optimization of variables such as medium composition, in 
particular the limiting nutrient/agent, the moment of sampling prior to dilution, the dilution 
rate, and eventually the number of dilution cycles necessary to fully synchronize cells. Also, 
given the hypothesis stated above, it would be interesting to verify whether a steady-state 
continuous culture, with a low dilution rate such that the growth-rate is roughly zero, may 
also yield a synchronized culture.  
Other than using the stationary-phase protocol, synchronicity methods such as those that are 
based on sieving cells based on the relationship between cellular size and cell cycle, could 




Figure 6 – Application of the stationary-phase method (29) for L. lactis culture 
synchronization by diluting a culture entering the stationary phase in fresh medium (A). 
Colony forming units of the putatively synchronized culture suggests that the method 
works in L. lactis, although some optimization may still be worthwhile (B). 
Random mutagenesis 
To improve membrane protein overproduction in L. lactis by random mutagenesis 
approaches requires a method to introduce variability in the genome of cells, a screening 
strategy to select those that are better producers of membrane proteins, and ideally a 
method to quickly characterize the mutations in the genome of those cells.  
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Figure 7 – Theoretical output of an experiment where most and least fluorescent cells, in 
virtue of either their increased or decreased capacity to overproduce a membrane protein-
GFP fusion protein, were sorted through flow-cytometry. This would generate two partial 
libraries, both of which would differ from the original library (“Generation Zero”). 
To this end, we implemented a genomic array footprinting (GAF) protocol in L. lactis, as is 
described in Chapter 6 of this thesis. This protocol establishes both a method to introduce 
genomic variability through the random insertion of an IS element around the chromosome 
of L. lactis, resulting in a library of mutants, and a method to identify an overrepresentation 
of any mutant between two cultures. To adhere to the scope of this work, the cultures to be 
compared by GAF could be the original library growing under non-selective pressure and e.g. 
the same library grown under a condition in which better producers of membrane proteins 
are positively selected. The identification of the latter cell types could be achieved by 
employing FACS technology, where the biomarker should be a membrane protein-GFP fusion 
(Figure 7). 
Rational design of strains 
With respect to the strategy to genetically engineer L. lactis, we felt the need to improve the 
method to produce markerless mutant derivatives from this organism. We thus built on the 
work of Solem and colleagues (30) and proposed a set of standards for chromosomal 
integration in the two L. lactis strains MG1363 and IL1403. Also, we constructed nisin-
induced controlled expression (NICE) system derivatives for both parental strains. 
Moreover, we created and validated the use of two general stress reporter strains 
(NZ9000::PhrcA-gfp and NZ9000::PgroES-gfp) that enable in vivo non-invasive monitoring of 
cellular fitness (Chapter 6 of this thesis).  
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Based on the identification of bottlenecks in membrane protein overproduction in L. lactis, as 
described in Chapters 2 and 3 and summarized just above, we built L. lactis derivatives that 
either lack or overexpress cesSR or other members of the CesSR regulon. Data presented in 
Chapters 3 and 4 shows that overexpressing cesSR, either by adding another copy of cesSR in 
trans on a plasmid or by removing cesF, which we showed to be a repressor of this two-
component system, improved the production of membrane proteins. 
We show that CesSR directly and indirectly control many other genes, several of which are 
likely to be irrelevant for the purpose of overproducing membrane proteins. The strategy to 
simply up-regulate the entire CesSR regulon is probably sub-optimal. By tweaking the level 
of expression of only those genes with a proven positive effect on membrane protein yield 
one could certainly improve the ability of L. lactis to produce membrane proteins. 
In abstract, the optimal expression level of genes with a positive effect on membrane protein 
production yields could vary greatly between different classes of membrane proteins to be 
overproduced. A particular host might ultimately only be optimal for the production of a 
certain type of membrane protein, for example of a given size, typology or hydrophobicity. 
Also, the optimal level of expression of each relevant gene may be conditional to that of all 
other genes that need to be modulated (Figure 8-A). In other words, optimizing the level of 
expression of each gene separately may not lead to an overall optimal membrane protein 
production host. Ideally, several rounds of iterations with varying levels of expression of 
each gene should be exploited, and thus iteratively converge to the optimal profile of 
expression of all relevant genes. 
Mapping membrane protein production yields as a function of the expression level of only 
two genes may be easily achieved through the use of two independent and tightly controlled 
gene expression systems, such as the nisin-controlled expression system (NICE) (13) and the 
zinc availability-dependent PZn zitR system (12). We confirmed that the PZn zitR system is 
highly and reproducibly tuneable (Figure 9). 
 
 




Figure 8 – The optimal level of a theoretical protein α with respect to the production yield 
of a membrane protein in L. lactis may depend on the cellular content of another protein, β 
in this example (A). The expression of genes that affect the production of membrane 
proteins may differ between the optimal host (red bars) and the parental strain (green 
bars). Each Greek letter refers to a hypothetical protein whose copy number per cell, 




Figure 9 – β-galactosidase activity as a function of Zn2+ or EDTA concentration, one hour 
after induction of L. lactis MG1363 carrying pVE8065, a plasmid that contains the β-
galactosidase genes lacLM of Leuconostoc mesenteroides subsp. cremoris under control of 
the gene expression couple PZn and zitR (12). 
Clearly, the set of genes that should be modulated are not limited to those belonging to the 
CesSR regulon. Genes that encode elements of the translocation pathway or quality control 
systems should also be considered (see Chapter 1 for a review on some of these proteins). 
Already by modulating only the activity of either CesSR or CesF, we were able to improve 
production of some membrane proteins approximately by up to 5 fold. Given the great 
number of proteins that (putatively) affect production and insertion of membrane proteins, 
it is very likely that co-tuning the expression of their genes will lead to even greater 
improvements of L. lactis as a host for the production of membrane proteins.  
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